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PRONDUCTION AND PROPAGATION oF MESONS IN COMPLEX NUCLE1L
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and
W. B. Kaufmann
Physics Department, Arizona State Universirty
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ABSTRACT

Fhe propagation of unstable mesons in mueles s considered with
repard to the use of the nucleus ws a micro-labogatory.  Specific
problems considered are those of the noand the § /8 svstems,

INTRODUCTTON

The use of the nucleus as a micro-laboratory Is not a new ldea.
Indeed the propagation of mesons, after clectrompagaetic product fon,
wian uted to determine the p-nucleon Interaction , the ¢-nucleon
interaciion” [obtalning o(éN)=8.8 mb. In apreement with the vegctor
doiitanee determination {rom photoproduct fan of og(¢N)=8.3 mb. = and
the additive quark model prediction of 13 mlr. ], and the p-nucleon
et eraction’ at hiph energies.  There are many ways to ;o about thig
process and there have heeon two {afrly recent discuss{ions of th(-,,
probhlem in conferences, one a little over two years apo In Tempe
ard one a vear apo last march at the Malnz meetlug, . There has been
at least one calealatlon of the propagatfon of unstable hypeions in
nie e’

ne possible technlgque [y the use of a specitle nuclear
transition In the exclusive production of mesons to act as a tilter
to separate the varfous tvpes of mesons which are so abundant around
I e 1 wlill not discuss this method although | know that Dick
Lieob (e.pr has done work in this area,

What 1T wi]l talk about are some new results relat fng, te the
mestions of g oand “$ " propapat fon,

The experlments on g proaduct fon are on-polop, at TAMPF and we
will wldross the gquention of how some of the dat o mipght bhe analvaed
ta Tearn something about the n propapgation In nuelef. A second
technbague, wilng polarized nuclear tarpgets, will also be alseassed
with a view to determining the total cross section of the nocamd
posnibly other mesons) scattoring from nucleon tarpoety,

There has been mueh Interest lately in the structure ot the two
mesons (tradlitionally called 5 and &) which are relatively narrow

and e at the K K threshold, I these mesons are gquansi moleenlan
o] states of two kaons then they will not be deserfbed by the
quat b maded and should not tie Into a0 stmple g o sceheme . This

questlon of the stiaetnre of theso mesons has fanilament al
vrp e ationn tor o anderstanding, ot hadvonte phvedes



n PRODUCTION AND PROPAGATION

Since the eneregy ol accelerators is tinite, and is often the
limiting factor in experiments, the production on nuclei {s often
done at, or near., the nuclear threshbold, i.e., helow the threshold
for production on the proton. While one might think that this
complicates the production process it is otten an advantapge In
sorting out what has actually happened. At threshold the produced
meson is moving very much alony the original beam direction so that
it forms a scecondary heam. This tvpe of prod ‘tion is often refered
to as production firom, or oft-ot the Fermi motionr. One may note
that, '{ the Fermi momentum is thoupht ol as extending to infinite
valves (with wanishing probability of course) then, it would be
podsible to produce mesons with very ltow enerey beams and one would
Cn o wondertul o enerpy-producing device. We know that this Jdoesn’t

e el it is oworthwhile to discuss tor a moment how it works.

voone had oo bean ioeldenr onoan excited nueleas such o
reactien wonld he possibice The nucleon T the nucleus would be de-
excited and the external svatem would pain the enerpy.  What
prevents chis trom happening in the usual ecase is that all of the
mcicons in the nucleus ave alrveady in their lowest state so that
the nueleon that is struck in the praduction process must end up
with no less enerpy than it started with, This Is just a classical
statement of Paull hlocking. Table I shows the kinematics for
produetion at sero deprees for various Incident pion momenta with
minimum Fermi momenta required., The Initial and final kinetic
enerypies of the nueleon are also shown. When the final enerpy Is
oqgual to the initial one, the absolute threshold has been reached
tor meson praduct ion on a heavy nuejeus.

e fdent Foermi Kinetic Energies {(MeV)
Mame st am Momentum  Initial Nueleon Flnal Nucleon Final Mesion
CMeVoen tMoV, e
0 Jhh 1h 1% 9
AL LN L AP L LR 22 e — k3
"Whi) 1R6 ] 30 17
Y80 1%4 1} 19 27
600 127 H L8 78
6H0 0y " h9 LK
64l 6H) F /1 hG
nht) i 1 8 Y}
HRO oo uh e SR L T
SO0 1 B 110 hl

Finemat les tor 0F ta 0" proaduction fros the Ferml momentum
tequited to allow p product fon The allowed "subthreshold® replon
in bhetween the two horleental THnes where the final nuelvon Finetie
chietey b preater than the Initial bat there s some Forml momentam
pegafred



Such a svstem has been modeled in the form of an intranuclear
cascade code computed along strictly classical lines. Here the
nucleons move in a potential well (wi*h binding energies which
correspond to various shells) and suffer collisions governed by a
distance of approach compared to a total cross section. These
nuc'leon collisions are "Pauli blocked" as well, of course, otherwise
the nucleus would give up its energy to a tew escaping nucleons with
the rest keing tipghtly bound Iin the s-srate. With this motion
occuring we send a pion into the svstem and ask what happens based
on our knowledge of classical (on-shell) cross sections. Various
types of Interaction are permitted i{n different versions of the

computer ccde. For the n production we have pion elastic
scattering, »-2r and »-3}7 reactions, pion absorption and of course,
n productlion. Ir is also necessarv to include n-nucleon reactions,

that is in fact one of the interests in the problem. We note that
the reactlon p-nucleon + r-nucleon certainly exists and we know

those cross sections trom detailed balance. This later cross
soction is exothermic so it has no threshold and tends to infinity
for zero p-nucleon momentum. In fact these cross sectlons can be

represented approximately at threshold by:
) -C
a(r p =+ nn) P,/ Py
and
alqgn = 1 p) - (2|)"/p"

where the momenta are in the meson - nucleon center of mass system,
The value of "' depends on the datg base chosen. If one uses the
bulk of the data in the HERA report” then C=6 mb.. Houever there {4
recent data talso In this same report) by Brown et ai. , presuned to
he more aceurate than the older values, whicli lead C=4.3% mb.. A
recont value from LAMPF measurements by Peng et ai. tends to aprec
with the older value and suppoits C=6. The code uses one of these
cross sect {ons near threshold but has a data base for other energloes
which 1s less amblguous. The n-nucleon elastic scattering cross
sectfon {8 essentially unmeasured. Frowm models including plon
scattering and the n-n ronctlunll'- tle n-nucleon can be
calculated and Bhalerao and Liu uS&ain a scattering length ol
284,191 fm, which would lead to a zero energy elastic jgattering
cross section of about 10 mb. In another analysis Tuan = obtalned a
scattering leupth ot .82 tm. which would lead to an elastic
scattoring cross section of B4 mb. at zero enerpy. These are to he
compared with the value of total crosy section of -20 mh. plven by
the additlve quark model and the high energy production

The elastlc scattering can have a large Influence on the
e loar svstem, however, since the n will lose enerpy in each
seattering.  This has the effect of shifting the spectrum of g
toward lower enerpgles. Note that, at these lower enciygles, the
cross sectfon for converting back to piona s greater so that the
net effect Ix to cause more ot the reconversfon process to oveur as
well an to deplete the upper ond of the spectrum.  These secondary
plons are of fnter =5t in themaelves. Note that the pa will have low
encrpy and momentum and the Ferml momentum of the nueleon with which



thev interact will be of rhe same order. For this veason the plors
produced in this manner will be nearly isotropic and of high energy
thaving the bulk ot the n maiss as kinetic energy). Another feature
of rhese pions is they wiil be produced in equal numbers (on an
isospin zero nucleus) for all three charges. Thus if one looks for
rions of opposite charge to the incident plon (i.e., double <harge
exchange) ar back angles and high energlies these plons can be picked
out. This gives a direct measure of the process n-p-=x.

we now present calculations ot this process modeled with the
INC code mentioned earlier. Figure l shows the spectrum of ns
measured bv Peng er a/., at LAMPF on '?C. The histogram shows the
result of rhe calculation for no elastic n scattering. There are
two striking teatures to bhe seen:
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Fipnre 1. Comparison of the “‘l““lﬂtfi n spectrum (histogram) with
the data of Peng et al. ' “for incident plon momentum of
H80 MeV/c on '2C, The calculation has no elastic g
scdatter fap.

First the mapgnitude {8 very good. It {s not unusual to he
wianyg, by a factor of v or more {n the calculatlon of exclusive crosys
sectiona ot this type. Ay seen the inclusive prediction does quite
well



Secondlv the shape leaves something to be deslred. There are
two few evenrs predicrted in the low energy region. The 5s produced
in that region have low energyv and hence are subject to the inverse
reaction n-nucleon goes to 7-nucleon.

Peng s determined the irelastic cross section from the A
dependence and finds e value of ~20 mb. Figure 2 shows a
histogram of the reaction cross sections observed in the
calculation. As seen, the average value 1ls around 25 mb. so the A
dependence seen by Peng will be well represenced.

I | I 1

DISTRIBUTION OF REACTION CROSS SECTIONS
FROM m*+180

N
o
:

1|

PERCENT

o
I
1

1 | 2 ] b
10 20 30 40 50

g (nN—TN)(mb)

Flpure . Histogram of the percentage of inverse reaction cross
sections (nN-»N) obsurved in the calculation.

That still leaves us with a lack of s Ln the low energy
reglon. One might well belleve that the Introduction of an p-nucleon
elastic cross section would help the situation by moving the high
energy ns to the lower energy portion of the spectrum, but Figure }
shows that the inclusion of a constant cross section of 20 mb. only
lowers the entire curve., The low energy ne scatter as Jell at
lowering thelr energy gives rthem a much larger reaction cross

section.
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Figure 1, Comp?ELfgn of the calculated n spectrum with the
data” "’ for an n-Nucleon elastic scattering cross
section of 20 mb, The parameters are the same as Fig. 1.

Figure 4 shows the plons obtained from the »-n-» reaction
superposed on the x-x°-x background. As can be seen it is quita
possible to separate these pions kinematically from the others.

This gives us a direct measure of the reaction of ns with nucleons.

Another method of obtaining information aboutlgnstable particle
interactions involves the use of polarized targets . If one takes
a vertain class of nuclei (!'°B is the classic example with its 3}
pround state) and selects the m-states (the ideal case woyld be to
have only the m = +2 occupied) and then produces with a « beam
tsav) an n golng to the ground state of '9C then one finds that the
left -righr asymmetry tends to vanish. Flrst of all (under rather
reasonable shell model arproximations) it must vanish in the absence
of distortion of the {ncoming and outgoing waves. In fact these
distort{ions generally tend to cancel so that if one had the same
{neldent and fical momenta gnd the same distortions then agaln



=T T T
134°(co8 8§ =-0.7) P,_A!= 680 MeV/c
“w* pcxon'?’¢c ¥
N .'.o
_a..‘_
\ . '- r--‘ . \"-
r.20 - ' o —
o
Vo
1
! !
~ v
A ; '
> - r | -
0.1S 1 ,
3 ! ;
] ! L_
-~ |
a i
£ :
o \
a 0.10 - ! -
h-} 1
- ]
g '
[ .
- 1
]
]
0.08 |- H -
|
1
L—
]
p—t .
L | |
200 400 600

Py (MeV/c)

Figure 4. Contributions to the double charge exchange spectrum at
134° from the two mech.uanisms involving either an
intermediate x° or n.

there would be no asymmetry. 7The lder is that one can measure rhe
interaction of rhe pion directly (beams are available) and then
compare the distortion of the pion and n by the polarization
measurement and hence Infer the Inreraction of the n for which beams
ire pot avallable.

Figure 5 shows the calculation of the polarization expected for
1 : -ner small value of the elastic cross section with uwe inverse n-
r +.gction present. This Ls only a preliminary study to establish
he principle and further studlies dre needed to find what accurdcy
. 1+ we oxpected with this method.
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Figure 5. Asymmetry in the reaction l°B(1r+,q)‘°c with the target in
the M = +2 substate. The plon energy ls 46N MeV.

The S*/S Problem

Jhere has beenlgnglderable interest lately in the structure of
the S and § mesons "'~ ~. These two objects lie essentially at the
K-K threshold and there is a distinct possibility that they are the
[=0 and I=1 combinations of these two mesons in a molecular bound
state or in a low-lying resonance. If so, their structure |{s
completely different from a qq state and one would not expect to
find them in a quark model description. One possible method for the
investigation of this possibility is to produce them in a nucleus,



since their propagation through the nuclear medium should be very
Jifferent according to the variousl9ossib111t1e;.

Lenz” and Alexandrou and Sato consider S (§) production with
plon beams having momenta of the order of 3 GeV/c. Reference 17
considers three models: the § 1is

a) part of the :|-q L=l nonet (0 e1 = 18-20 mb.)

b) a member of the lightest qzﬁz nonet (a1ne1 = 27.5 mb,)

c) a KK molecule (0. = 41 mb.).
inel

For the inclusive production cross section as a function of A
(Fig 6) these different cases are somewhat distinguishable;
certainly the qq from the others.

Also considered was the exclusive production to a specific
nuclear state+S +proton. These cross sections as a function of A
(Fig. 7) also show a clear separation of the 2-body and 4-body cross
sections. These methods rely on the abillty to calculate an
inelastic cross section from the quark structure. This is a
reasonable assumptjon normally but could be wrong due to, e.g., a
resonance in the S5 -N Interaction.

Another experiment considered in Ref. 17, which addresses more
directly the possibility of determining the structure, 1s the energy
dependence in the region of a wide K" -N resonance around K momentum
of 1 GeV/c (2 GeV/c S momentum). This resonence would lead to a
minimum in thg production cross section as shown in Figure 8 as a
function of S momentum. Note that one has yet to fold in the Fermi
momentum of the production process. The effect is disappointingly
small and could be masked by a variation in the qq S -N cross
section. One can not use a narrow resonance for this purpose (it
would be broadened by the Fermi metion anyway) and the wide one does
not show enough variation (as seen already in the K -nucleus total
cross section shown in Figure 9),

These techniques for observing :he molecular state rely on the
fact that the K has a stronger interaction with the nucleon than
the average meson. Let me now describe a techniquc that does not
necessarily rely on an absolute measurement or the use of a total
cposs section. It depends on the fact that the interactions of the
K and K with nucleons is very different. The measurement of the
relative numbers of K /K seen from S productiog gives a direct
measure of the structure of the system. If the § (or §) leaves
intact from the nucleus then equal numbers of K* and K will be
observed from the decay S (§) - K'K . 1In contrast to a tightly;
bound system such as a qq however, a loosely bound "molecular" § or
§ ls very unlikely to emerge from a nucleus. In propagating through
the nucleus the K member of the pair has a high probability of
annihilation thrgugh the reaction K p=n°A. Because of the light
binding of the K' K "molecule"” the K acts as a spectator during the
K~ annihilation and will continue to propagate with (essentially)
the same direction and speed as the original S
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Figure 6. The A-dependence of the inclusive production cross
section for the three models considered by Ref. 17.

15 LA v T Y Y e ere—p—
3
3 - qq j
12- 'I’ -
b ” p
3 ”' i
o ’ -

.9; . |_( KK ]
e 3 ’I’ ,_/’: 1

~N P~ ”’ -‘_—' O =2
T | ,// _4—ﬂ:f;' a3 )
=8._ s’ "_—" i
b » ’, ‘/’-‘ o
4 ’ s ;

’ - -
b -(’ p
i T o 1
3~ ’I’ -4
E’/ .
o (I G W U G U S W U U G U U U S S G U S S U S )
0 48 96 144 192 240
A

Figure 7. Exclusive cross sections gs a function of A of a reaction
in which one detects an S and proton {n coincidence
leading to a definite final state of the residual nucleus
(from Ref, 17).



4 0_ v LD I SN S S S S S e S s T
b - wa.
3.4 - TeaL -
9 \\\ ’,'—— L
c "~ - ‘
8’28 R -
~ [ ]
T | )
s o2 .
[ 1
<
3 -
]
1.6} o
i 9
| 1
lqh " P | e 2 P U G S Y 2 N s Y 1
0 1.3 1.6 1.9 2.2 25

S* Lab. momentum GeV/c

*
Figure 8. Inclusive S* production cross section as a function S
momentum showing the effect of a K -Nucleon resonance on
the quasi-molecular model (from Ref. 17).

1 L

w
e
o

(& ]
o)
o

0N
™
o

N
>
o

lotal cross section (mb)
AL i 'T_I'ﬁ Y‘r.."‘rrfvfl’r‘ﬁ

208 2 a2 a2 b a2 bl e w u o 1 4

.0 05 1.0 1.5 2.0 25

K Lab. momentum GeV/c
Flgure 9. Prediction of the K -12C total cross maction (dashed
line) compared with data showing that the Ferml averaginp
can be done sufficiently well (from Ref. 17).



A measurement of the K' spectrur from this pgocess would give a
direct measure of the motion of the parent S (or §) molecule,
slightly broadened by the spall K N elastic scattering. Figure 1C
shows a comparison of the K'p total cross section (=elastic cross
section) and the K p total cross section. Note that the K +p -
x°+A process (most of the K'p total cross section) is exothermic and
is essentially one-way, i.e. the A is not likely to produce a K’
again since A+n - K +p+n requires a substantial amount of energy.
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Fignre 10, Comparison of the K'p and K.p total cross sections.



“he problem is to know, for any given K" or K~ that it came
from an S . Here ls where the knowledge of the kinematics at
threshold comes to our aid.

Incldent Fermi Kinetic Energles (MeV)
Momentum Momentum Initial Nucleen Final Nucleon Final Meson
(MeV/c) (MeV/c)
1000 392 82 L6 48
1040 353 b6 39 _61
1080 316 %) 73 75
1120 280 42 89 90
1160 246 32 LOS 106
1200 214 24 122 122
1240 183 18 140 139
1280 152 12 160 157
1320 123 8 180 1L/5
1360 95 ) 201 194
1400 68 D 223 213
1440 42 l 245 233
1480 16 0 269 253
1520 -9 0 293 274
1560 -33 1 318 294
Table II

*
Kinematics for nuclear production of a generic meson of S /6§ type.

Table 11 shows the kinematlics for * production in the same
format as Table I. One sces that the S 1s produced with a kinetic
cnergy around 120 MeV In thls nuclear reaction for an incideat
momentum of 1.7 GeV/c. Thus each kaon will have about 1/2 of this
cenergy and both kaons will be moving along the beam axis.

Figure L1 shows the distribution of K's, and K' along the beam
axis. As can,be seon there remairs a clear signal for the K s
coming from § decay,

One possible experiment {s simply to measure the K~ spectrum In
this region and rely on the calculation to get tle number of § s
produced, TF ore sees a distribution of K s thet looks 1lke the
free-space X distribution then It [s apparent that the § s a qq
meson, at least for the time that [t spends In the nucleus., If one
sves the K spectrum strongly depleted relative to that predicted by
the code then the Interpretalon s not unique. [t may be that there
s a quasl-molecular state with the K partner 999Vor(od to A, but
it may Yo also (especially in th case of the q q° state wherg the
Inelastice crosys section ‘s around 40 mb.) lbnl the reaction § p »

E A {4 atrong and the $ 8 (and hence the K 8) are depleted In this
way, The K's comming from this reaction havg an energy different
trom the K s arising from the decay of the § 8 however,
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Figure 11. Comparison of the K" and K’ spectra for the case of the
quasi-molecular model.

A better experiment is the detectlon of both the K*s and the
K;s (not in coincidence). If one sees that the number of K's in the
S decay region ls much greater than the number of corresponding K s
then the molecular hypothesis ls greatly favored. If both are
equally deplated (relative to the prediction of ths code) the q°q
plecture is likely to be right. While this second measurement is
much better from the polnt+of view of lnfornltlon content, (t i=»
more difficult since the K's from the S decay must be distingulshed
from the gerieral K background. To get an elglnnte f this
background groblnm we conlld’r the {olgclon ®x 4n » K +A (the
reactions » +n + K +%°® and n +p = K +L will give smaller but
similar contributions). Figure 12 shows how the peak in the K
spectrum sits on this background. Clearly it is discernable but
will require a careful experiment since one ls measuring low eneryy
kaons at zero degrees. The use of a # beam eliminates the A
reaction (but not the ¥) and should lower the background.
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We note that the present calculation {s only Iindicative.

Betore progceeding much further we must take into account the fact
that the S will decay, to soms uxtent, before leaving the nucleus

thus inducing an asymnetry in the K /K yleld.

into the question of hackgrounds from I production as mentionad
above ,

This work was suprorted by the Y. S. Department ot Energy.
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